Loss of work productivity in a warming world: differences between developed and developing countries by Shuang, Yu et al.
Accepted Manuscript
Loss of work productivity in a warming world: differences between developed and 
developing countries
Yu Shuang, Xia Jiangjiang, Yan Zhongwei, Zhang Anzhi, Xia Yang, Guan Dabo, 
Han Jiarui, Wang Jun, Chen Liang, Liu Yakun
PII: S0959-6526(18)33081-6
DOI: 10.1016/j.jclepro.2018.10.067
Reference: JCLP 14469
To appear in: Journal of Cleaner Production
Received Date: 29 March 2018
Accepted Date: 08 October 2018
Please cite this article as: Yu Shuang, Xia Jiangjiang, Yan Zhongwei, Zhang Anzhi, Xia Yang, 
Guan Dabo, Han Jiarui, Wang Jun, Chen Liang, Liu Yakun, Loss of work productivity in a warming 
world: differences between developed and developing countries,  Journal of Cleaner Production
(2018), doi: 10.1016/j.jclepro.2018.10.067
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to 
our customers we are providing this early version of the manuscript. The manuscript will undergo 
copyediting, typesetting, and review of the resulting proof before it is published in its final form. 
Please note that during the production process errors may be discovered which could affect the 
content, and all legal disclaimers that apply to the journal pertain.
ACCEPTED MANUSCRIPT
1 Loss of work productivity in a warming world: differences between developed and 
2 developing countries
3 YU Shuang1,2, XIA Jiangjiang*1,2, YAN Zhongwei*1,2, ZHANG Anzhi1, XIA Yang3, GUAN 
4 Dabo3, HAN Jiarui4, WANG Jun1, CHEN Liang1, LIU Yakun5
5 1 CAS Key Laboratory of Regional Climate-Environment for Temperate East Asia, Institute of 
6 Atmospheric Physics, Chinese Academy of Sciences, Beijing 100029, China.
7 2 University of Chinese Academy of Sciences, Beijing 100049, China
8 3 School of International Development, University of East Anglia, United Kingdom
9 4 Training Centre, China Meteorological Administration, Beijing 100081, China.
10 5 Beijing Information Science and Technology University, Beijing 100192, China
11 Corresponding authors: XIA Jiangjiang, xiajj@tea.ac.cn and YAN Zhongwei, yzw@tea.ac.cn 
12 Abstract Comparable estimates of the heat-related work productivity loss (WPL) in different 
13 countries over the world are difficult partly due to the lack of exact measures and comparable data 
14 for different counties. In this study, we analyzed 4363 responses to a global online survey on the 
15 WPL during heat waves in 2016. The participants were from both developed and developing 
16 countries, facilitating estimates of the heat-related WPL across the world for the year. The heat-
17 related WPL for each country involved was then deduced for increases of 1.5, 2, 3 and 4°C in the 
18 global mean surface temperature under the representative concentration pathway scenarios in 
19 climate models. The average heat-related WPL in 2016 was 6.6 days for developing countries and 
20 3.5 days for developed countries. The estimated heat-related WPL was negatively correlated with 
21 the gross domestic product per capita. When global surface temperatures increased by 1.5, 2, 3 
22 and 4°C, the corresponding WPL was 9 (19), 12 (31), 22 (61) and 33 (94) days for developed 
23 (developing) countries, quantifying how developing countries are more vulnerable to climate 
24 change from a particular point of view. Moreover, the heat-related WPL was unevenly distributed 
25 among developing countries. In a 2°C-warmer world, the heat-related WPL would be more than 
26 two months in Southeast Asia, the most influenced region. The results are considerable for 
27 developing strategy of adaptation especially for developing countries.
28 Keywords: Heat waves, work productivity loss, representative concentration pathways, global 
29 warming targets, adaptation, mitigation
30 1. Introduction
31 The global average surface temperature increased significantly by 0.85 (0.65–1.06) C from 
32 1880 to 2012 (IPCC, 2014). Global warming has resulted in an increased frequency in the 
33 occurrence of heat waves, affecting the living and working environments of millions of people and 
34 creating threats to their health (Kovates, et al., 2008; Costello et al., 2009). Recent examples 
35 include the record-breaking heatwave in Europe in 2003, which caused >70,000 deaths (Robine et 
36 al., 2008), and the 2013 heatwave in eastern China, which affected more than half a billion people 
37 in nine provinces (Sun et al., 2014).
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38 Heat stress affects the health of workers and reduces the work productivity (absenteeism, 
39 reduced work capacity and loss of productivity) by changing the ambient working environment 
40 (Ramsey, 1995; Pfaffenbach and Siuda 2010). It has been reported that when physical activity is 
41 high in a hot working environment, the core body temperature of workers may increase above 
42 38°C, affecting physiological mechanisms and decreasing both their mental and physical capacity 
43 (Ramsey, 1995; Bridger, 2003). Heat stress may therefore have economic effects as the health of 
44 the labour force is a primary input to economic production (Witterseh et al., 2004). In addition, the 
45 effect of the heat stress on the work productivity is also unevenly distributed due to the different 
46 adaptability of heat exposure (Huang et al., 2017). Recognizing the regional differences is 
47 important for developing the climate mitigation measures and raise protection awareness, 
48 especially for the vulnerable countries and regions. 
49 However, the knowledge of the effects of heat stress on work productivity for different 
50 countries remains limited. A commonly accepted indicator for measuring the capacity to work is 
51 the wet bulb globe temperature (WBGT) index (Kjellstrom et al., 2009; ISO, 1989), which is 
52 based on meteorological records. Dunne (2013) assessed that the heat stress reduced the labour 
53 capacity to 90% in peak months of extreme climatological heat stress over the past few decades 
54 for tropical and mid-latitudes. Other heat exposure indices, such as the predicted four-hour sweat 
55 rate and the heat stress index, are correlated with the WBGT (Kerslake et al., 1972). However, 
56 although there is agreement that work productivity decreases with increasing WBGT (Smith et al., 
57 2014), this simple index can hardly reflect the regional difference of heat adaptability and the 
58 impacts of other non-meteorological factors such as worker’s clothing, acclimatization and 
59 microenvironment (Budd et al., 2008). Surveys based on social-science studies were applied to 
60 quantify the impact of heat stress on the work capacity. By a tailored version of the work 
61 productivity and activity impairment (WPAI, Reilly et al., 1993) questionnaire, Zander (2015) 
62 investigated the self-reported reductions in productivity due to absenteeism and presenteeism in 
63 Australia during 2013/2014. His results show that the economic cost due to the heat amounts to 
64 0.33 to 0.47% of Australia’s GDP. The WPAI instrument was firstly designed to study the 
65 economic burden of diseases in health economics, by collecting the employees’ percentages of 
66 health-induced working time loss, impairment while working, activity impairment and the overall 
67 work impairment score. However, previous surveys using designed questionnaires were mainly 
68 made in developed countries (Lefevre et al., 2015, Sheridan, 2007). The number of samples was 
69 usually very small (hundreds or even tens) and not suitable for identifying the regional differences 
70 across the world. 
71 To obtain a global view of the effects of heat stress on productivity, we simplified the WPAI 
72 questionnaire by directly asking employees about absenteeism and presenteeism during hot days 
73 in the summer of 2016. This paper analyzed valid data from 4363 respondents of a global online 
74 survey on heat-related work productivity loss (WPL). Participants are not only from Europe, 
75 North America, Australia, and East Asia, where the heat wave effects have been relatively-well 
76 studied, but also from regions such as South Africa, Southeast Asia, Central Asia, South America, 
77 where the effects of climate change have not received sufficient attention as a result of data and 
78 information unavailability. The WPL (units: days) was defined and calculated as a function of 
79 absenteeism, presenteeism and employee’s work efficiency loss. Then, we assessed the difference 
80 in WPL between groups of developed and developing countries/regions, under global warming 
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81 scenarios of 1.5, 2, 3 and 4°C, emphasizing the regional differences of the effect of heat stress on 
82 work productivity especially between the developing and developed countries under different 
83 global warming targets. The data and methods are described in Section 2; the results are illustrated 
84 and discussed in Section 3; further discussions are given in Section4. The main conclusions are 
85 summarized in Section 5.
86 2. Methods and data sources
87 2.1. Questionnair Data
88 The data used in this paper were from a global online survey on heat wave-related WPL, 
89 which was conducted during 3 August-22 November 2016 by an APP weather company. 
90 Participants were asked questions about their absenteeism and presenteeism during the summer of 
91 2016 (seen in Table A1 in Appendix). These questions are simple and easy to understand by 
92 people with different cultures without causing misunderstanding. Results are comparable among 
93 regions. The WPL (unit: days) was defined and calculated as:
94 WPL = Daysabsenteeism + Dayspresenteeism  Lossefficiency (1)
95 The Daysabsenteeism is the number of the days that the employee takes off from work as a result 
96 of symptoms caused by heat. The Dayspresenteeism is the number of the days that employee is 
97 required to work despite feeling discomfort from symptoms caused by heat. The Lossefficiency is the 
98 loss of efficiency when the employee is required to work despite experiencing heat-related 
99 symptoms. The design of the questionnaire and the calculation of WPL were synthesized from 
100 Lerner (1999), Reilly (1993) and Derick (2013).
101 In addition, the questionnaire also included a number of questions about the type of work, the 
102 workplace environment, the symptoms the employee experienced in summer 2016 and what they 
103 preferred to do when there was a heat wave. This survey helped to measure the heat-induced loss 
104 of productivity on a global scale to explain the effect of global warming on the social economy of 
105 humans. More than 7000 questionnaires were returned, but 4363 participants completed all three 
106 of the questions (seen in Table A1 in Appendix). Our analysis is based on these 4363 valid 
107 questionnaires.
108 2.2. Fifth Coupled Model Intercomparison Project (CMIP5) output
109 Simulated daily surface temperatures were drawn from 33 global coupled ocean–atmosphere 
110 general circulation models (CGCMs) participating in the CMIP5 (Table A2 in Appendix). The all-
111 forcing projections (2016–2100) under Representative Concentration Pathways (RCPs), RCP8.5, 
112 RCP4.5 and RCP2.6 were used. The radiative forcing under RCP8.5 (a high-emission scenario) 
113 increases throughout the 21st century and reaches about 8.5 W m−2 by 2100. The intermediate 
114 scenario RCP4.5 (medium-emission scenario) reaches about 4.5 W m−2 by 2100. The low-
115 emission scenario RCP2.6 is described (Moss et al., 2010; Taylor et al., 2012) as a peak-and-decay 
116 low scenario in which radiative forcing reaches a maximum in the middle of the 21st century 
117 before decreasing to 2.6 W m−2. The RCPs thus represent a broad range of climate outcomes.
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118 2.3. Administrative boundaries data
119 A dataset of administrative boundaries (GADM, 2015) was used to mask the surface air 
120 temperature data of the 33 CGCMs based on the outlines of each country in a shapefile. The 
121 results could therefore be presented at a national scale.
122 2.4. Gross domestic product per capita (GDPPC)
123 The 2016 GDPPC (US dollars) for each country was obtained from the International 
124 Monetary Fund web site (www.imf.org/external/).
125 2.5. WPL under RCP scenarios
126 Equation (1) was used to calculate the average WPL (in days) for each country in 2016 (N 
127 days). To calculate the WPL under the different RCPs scenarios, we assumed a constant 
128 physiological heat stress tolerance over time (Dunne et al., 2013). The temperature threshold for 
129 loss of work productivity was defined by sorting the 2016 temperatures in descending order and 
130 then choosing the Nth temperature as the temperature threshold representing the physiological 
131 tolerance to heat stress. The WPL in each year from 2012 to 2100 for each country was then 
132 defined as the number of days above this temperature threshold.
133 3. Results
134 3.1. The spatial distribution of WPL
135 Figure 1 shows that 62 countries and regions with more than 10 respondents were included in 
136 the survey, with a total 4043 respondents (Table A3 in Appendix). A total of 783 cases of excess 
137 human mortality associated with heat from 164 cities in 36 countries were previously reported in a 
138 review (Mora et al., 2017) of papers published between 1980 and 2014. Excess mortality has 
139 predominantly been reported for mid-latitude cities, with fewer reports from North Africa, 
140 Southeast Asia, South America and Central Asia. Our survey covered some of these areas, 
141 providing comparable data to conduct a quasi-global analysis on the heat-related WPL.
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142
143 Figure 1. Global loss of work productivity for 2016 (in days). Larger circles indicate greater 
144 losses. The numbers in the legend are samples for each grid with a resolution of 5° 5°. The total 
145 number of valid samples is 4043.
146 3.2. The linear relationship between work productivity and GDPPC
147 Workers in low- and middle-income countries/regions are more vulnerable to excessive heat 
148 stress (Kjellstrom et al., 2009), but little research has been conducted to quantify the relationship 
149 between the effects of heat waves and the level of development of a country. We calculated a 
150 linear relationship between the WPL related to heat waves and the GDPPC in US dollars based on 
151 different combinations of countries/regions grouped by sample size. The results showed a 
152 significant negative correlation, particularly for a large sample of respondents. The WPL ranged 
153 from 2 to 9 days for different countries/regions. The greatest negative correlation coefficient of 
154 −0.63 (P<0.01) was found when the respondent sample size was >60 over 19 countries/regions 
155 (Fig. 2) (Table A4 in Appendix). These results suggest that the WPL is inversely proportional to 
156 the GDPPC and that developing countries/regions are particularly vulnerable to the adverse effects 
157 of global warming. A reason is that air conditioning is not widely available in low- and middle-
158 income countries, whereas it is used extensively in workplaces in high-income countries 
159 (Sheridan, 2007; Kjellstrom et al., 2009). Increasing temperature can create very unhealthy 
160 environments for people who are not able to protect themselves with air conditioning or other 
161 cooling means. Several studies have shown that high-income groups and workers with a higher 
162 level of education are more likely to take personal heat protective measures (Khare et al., 2015; 
163 Kunz-Plapp et al., 2016).
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164
165 Figure 2. Linear relationship between the loss of work productivity (days) and GDPPC (US 
166 dollars) based on results from 19 countries/regions.
167 3.3. The WPL under the RCPs scenarios
168 People are likely to be affected more often by heat waves in the future as a result of global 
169 warming (Beniston et al., 2007; Revi et al., 2014; Patz et al., 2005). The Paris climate conference 
170 set a goal of keeping global warming to <2°C above pre-industrial levels and to pursue efforts to 
171 limit global warming to 1.5°C, recognizing that this would significantly reduce the risks and 
172 impacts of climate change (United Nations Paris Agreement, 2015). There have been many studies 
173 on developing methods to mitigate climate change, such as biochar cost reduction (Maroušek, 
174 2014; Maroušek et al., 2017). However, given that temperatures had reached 0.85 (0.65–1.06)°C 
175 above pre-industrial levels by 2012 (IPCC, 2014) , some analysts have argued that there is little 
176 chance of meeting the 1.5 or even 2°C target (Sanford et al., 2014; Donnelly et al., 2017). We 
177 therefore assessed the WPL under global warming scenarios of 1.5, 2, 3 and 4°C to take into 
178 account the uncertainty in future climate change.
179 We analysed global climate simulations using representative concentration pathway (RCP) 
180 scenarios for the period 2012–2100. We focused on three scenarios (RCP2.6, RCP4.5 and 
181 RCP8.5), each of which corresponds to a specific radiative forcing pathway. We used the output 
182 of 33 global CGCMs (Table A2 in Appendix) from the CMIP5. Figure 3 shows the global surface 
183 air temperature time series during the 21st century and a set of 1.5, 2, 3 and 4°C global warming 
184 targets. Global warming will probably exceed 1.5°C around 2030 and 2°C around the 2040s 
185 (Table A5 in Appendix). The year in which the temperature increase exceeds 2°C under the high-
186 emission scenario is 13 years earlier than that under the low-emission scenario. It will exceed 3°C 
187 around 2076 under RCP4.5 and 2058 under RCP8.5. A 4°C warmer world will be likely around 
188 2076 under the RCP8.5 scenario. Widespread global risks (e.g. the extinction of many species, 
189 risks to food security and compromised human activity) will occur if global warming exceeds 4°C 
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190 (IPCC, 2014).
191
192 Figure 3. Global temperature time series based on RCP scenarios for the period 2013–2100 with 
193 respect to the temperature in 2012. The horizontal dotted lines indicate the thresholds for an 
194 increase of 1.5, 2, 3 and 4 °C. 
195 To calculate the WPL under the RCP scenarios, we assumed a constant tolerance to 
196 physiological heat stress over time. The WPL was calculated under scenarios of 1.5, 2, 3 and 4°C 
197 global warming. We assessed the difference in WPL between groups of developed and developing 
198 countries/regions, rather than among individual countries/regions. Among these 19 countries (Fig. 
199 2, Table A4 in Appendix), the developing countries/regions group includes Bangladesh, Pakistan, 
200 India, Philippines, Ukraine, Indonesia, South Africa, Brazil, China, the Islamic Republic of Iran, 
201 Romania, Russia and Malaysia. The developed countries/regions group includes Spain, the UK, 
202 Canada, Germany, Australia and the USA.
203 Figure 4 shows that the average WPL was 6.6 days for developing countries/regions and 3.5 
204 days for developed countries/regions in 2016. In the 1.5°C warmer world, the loss was about 9 
205 days for developed countries, but about 20 days for developing countries, almost three-fold larger 
206 than in 2016. The impacts of heat stress at this level appear to be endurable. The WPL increased 
207 by 3 days from the 1.5 to 2°C scenario for the developed countries/regions, but increased by 11 
208 days for the developing countries/regions. This suggests that the increase in risk and the impacts 
209 of global warming are greater for developing countries/regions than for developed 
210 countries/regions. There are more sustained periods of extreme heat in this scenario, presenting an 
211 increased risk over single days of high temperatures (Anderson et al., 2009). Risk and the effects 
212 of heat will increase with increases in the intensity or duration of heat waves. In the 3°C warmer 
213 world, the WPL was 22 days for developed countries/region and 61 days for developing countries. 
214 When global temperatures were increased by 4°C, the WPL was 33 days for developed 
215 countries/regions, but 94 days for developing countries/regions. It means that developing 
216 countries/regions, which are particularly vulnerable to climate change, experience more adverse 
217 effects of global warming than developed countries/regions.
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218
219 Figure 4. Boxplot of loss of work productivity for developed countries/regions and developing 
220 countries/regions with 1.5, 2, 3 and 4°C warming targets under RCP2.6, RCP4.5 and RCP8.5 
221 scenarios (units: days).
222 The WPL was not evenly distributed among developing countries and there were large 
223 regional differences. For example, in the Philippines, Indonesia and Malaysia (Southeast Asia), 
224 the average WPL were about 28, 36 and 40 days, respectively, in a 1.5°C warming world; about 
225 51, 68 and 72 days in a 2°C warming world; about 114, 157 and 145 days in a 3°C warming 
226 world; and about 182, 247 and 232 days in a 4°C warming world. This shows that in a 1.5°C 
227 warming world, developing countries suffer the same WPL as developed countries in a 4°C 
228 warming world.
229 4. Discussion 
230 In this study, based on the global online survey dataset, we quantify the impact of heat stress 
231 on WPL in the summer of 2016. Our results suggest that the average WPL due to heat should be 
232 6.6 days for developing countries/regions and 3.5 days for developed countries/regions in 2016. 
233 The quantitative estimate of the heat-related WPL could serve as a base for establishing the heat-
234 related economic loss model. Workers in tropical countries are likely to be at the highest risk of 
235 heat stress. This result is consistent with the conclusion of Dunne (2013), whose results were 
236 calculated via the heat exposure index (WBGT). However, the analysis of Dunne (2013) didn't 
237 indicate some vulnerable regions such as Central Asia and northern Europe, as the sensitivity of 
238 these regions is mainly related to the lower adaptability to heat. The present research based on the 
239 global survey data did identify some vulnerable regions that could have been overlooked in 
240 previous studies.
241 In addition, we analysed the global climate simulations of the representative concentration 
242 pathways (RCPs) scenarios for the period 2012-2100. The work productivity could reduce to less 
243 than 72% (91%) for summer by 2050 in developing (developed) countries. These results are 
244 comparable to that of 80% in Dunne (2013). Remarkably, in the 2°C-warmer world, the heat-
245 related WPL in Southeast Asia, the most influenced region, could be more than two months. 
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246 These analyses were based on the hypothesis that the human physiology of heat stress 
247 tolerance will not change in the future. The prediction of the future losses of work productivity 
248 was based on global climate simulations of RCP scenarios for the period 2012–2100. There are 
249 therefore some uncertainties in these quantitative results, but the main conclusions should remain 
250 reasonable. Under the current global mean warming targets, heat stress will affect most regions in 
251 the world, with some countries/regions being more vulnerable than others. Contrasting developing 
252 countries with developed countries is one of the ways of exploring regional differences. It is 
253 important to recognize regional differences in setting global mean warming targets and developing 
254 the adaptation strategy. 
255 5. Conclusion
256 Overall, we emphasize that the regional differences should be well considered as the WPL is 
257 in general inversely proportional to the level of national development. The heat-related losses of 
258 work productivity for global warming targets of 1.5, 2, 3 and 4°C under RCPs scenarios show a 
259 global pattern, which helps to quantify how much developing countries will be more affected by 
260 global warming than developed countries will. This should be considered when addressing the 
261 urgent and immediate needs of mitigation and adaptation for those developing countries/regions 
262 that are particularly vulnerable to the adverse effects of global warming. Our results suggest that 
263 countries in the most influenced region (Southeast Asia) would suffer in a 1.5°C-warmer world 
264 the same WPL as the developed countries would in a 4°C-warmer world. The results provide 
265 some quantitative measures considerable for developing adaptation strategy especially for 
266 developing countries.
267 Acknowledgements
268 This work was supported by the National Key Research and Development Program of China 
269 (2016YFA0602503) for XiaJJ and the Chinese Academy of Science Program (XDA20020201) for 
270 YanZW, the National Natural Science Foundation of China (Grant No. 41405082, 41475078) and 
271 the Beijing Colleges and universities high-level talents cross training program in 2017. We are 
272 grateful to Amber Weather Company for providing free online survey platform.
273 Appendix
274 Table A1
275 Parts of online survey questions.
Questions options
1 How many days did you take off 
from work because of the hot 
days/heat wave induced symptoms?
A: 0 days B: 1–3 days C: 4–6 days 
D: 7–9 days E: 10–12 days    F: 13–15 days
G:>15 days
2 How many days did you have to 
work, rather than taking off, even 
when you felt discomfort because of 
the hot days/heat wave induced 
A: 0 days B: 1–3 days  C: 4–6 days
D: 7–9 days E: 10–12 days  F: 13–15 days
G:>15 days
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symptoms?
2.1 If so, how serious has this impact 
been on your work efficiency when 
you have to work (e.g. distracted by 
discomfort, making mistakes, 
slowing down, taking unfinished 
work home)?
A: No impact (0%)     B: Little impact (25%)
C: Some impact (50%) D:Strong impact (75%)
E: Serious impact, cannot work (100%)
276 Table A2
277 CMIP5 models used in this study. “*” indicates that the output of this model is available for a 
278 corresponding RCP scenario.
Models
RCP2
6
RCP4
5
RCP8
5 Models RCP26 RCP45 RCP85
ACCESS1-0 / * * GFDL-ESM2M * * *
ACCESS1-3 / * * HadGEM2-AO * * *
bcc-csm1-1 * * * HadGEM2-CC / * *
bcc-csm1-1-m * * * HadGEM2-ES * * *
BNU-ESM * * * inmcm4 / * *
CanESM2 * * * IPSL-CM5A-LR * * *
CCSM4 * * * IPSL-CM5A-MR * * *
CESM1-BGC / * * IPSL-CM5B-LR / * *
CESM1-CAM5 * * * MIROC-ESM * * *
CMCC-CESM / / *
MIROC-ESM-
CHEM * * *
CMCC-CM / * * MIROC5 * * *
CMCC-CMS / * * MPI-ESM-LR * * *
CNRM-CM5 * * * MPI-ESM-MR * * *
CSIRO-Mk3-6-
0 * * * MRI-CGCM3 * * *
EC-EARTH / * * MRI-ESM1 / / *
GFDL-CM3 * * * NorESM1-M * * *
GFDL-ESM2G * * * TOTAL 22 31 33
279 Table A3
280 Sample sizes of questionnaire by country.
Country/Region sample size
work productivity
loss 2016 (days)
GDPPC
(U.S. dollars)
1 United States 666 3.2 57436
2 India 563 8.5 6616
3 Pakistan 191 8.0 5106
4 Russia 139 8.0 26490
5 South Africa 136 3.7 13225
6 Ukraine 106 6.8 8305
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7 Philippines 105 4.8 7728
8 United Kingdom 105 2.8 42481
9 China 103 4.7 15399
10 Islamic Republic of Iran 102 9.3 18077
11 Germany 100 5.9 48111
12 Indonesia 95 5.8 11720
13 Australia 94 2.6 48899
14 Malaysia 82 7.3 27267
15 Bangladesh 71 7.9 3891
16 Canada 69 2.1 46437
17 Spain 66 4.6 36416
18 Romania 66 4.9 22348
19 Brazil 65 6.1 15242
20 Italy 55 6.0 36833
21 Argentina 54 3.8 20047
22 Mexico 54 5.6 18938
23 Thailand 48 7.8 16888
24 Vietnam 46 4.6 6429
25 Nigeria 44 5.3 5942
26 Algeria 43 5.0 15026
27 Greece 42 4.5 26669
28 Poland 35 6.4 27764
29 Netherlands 35 5.6 51049
30 Turkey 33 7.4 24912
31 France 33 3.4 42314
32 Taiwan Province of 
China 31 10.1 48095
33 Korea 30 7.7 37740
34 Egypt 30 7.5 12554
35 Portugal 29 3.8 28933
36 Serbia 26 3.4 14493
37 Kazakhstan 25 12.6 25145
38 Saudi Arabia 25 5.6 55158
39 Israel 24 3.2 35179
40 Kenya 24 4.5 3361
41 Hungary 23 10.8 27482
42 Ghana 21 4.0 4412
43 Croatia 20 3.2 22795
44 United Arab Emirates 20 6.2 67871
45 Hong Kong SAR of 
China 20 4.8 58322
46 Tunisia 20 5.6 11634
47 Albania 19 9.4 11840
48 Bulgaria 19 2.9 20327
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49 Slovak Republic 18 8.2 31339
50 Morocco 18 6.4 8330
51 Belarus 17 14.2 18000
52 Czech Republic 15 5.4 33232
53 New Zealand 15 6.4 37294
54 Japan 15 5.6 41275
55 Nepal 14 5.5 2479
56 Singapore 14 3.4 87855
57 Mozambique 12 3.9 1215
58 FYR Macedonia 12 8.1 14597
59 Switzerland 11 0.8 59561
60 Uzbekistan 10 5.8 6563
61 Belgium 10 0.2 45047
62 Uruguay 10 1.9 21527
/ TOTAL 4043 / /
281 Table A4
282 Assessment the loss of work productivity under global warming scenarios of 1.5, 2, 3 and 4°C for 
283 each country (19 countries; the respondent sample size was >60). The all-forcing projections 
284 (2016–2100) under RCP8.5, RCP4.5 and RCP2.6 were used.
1.5°C 2°C 3°C 4°CGDPP
C
(U.S. 
dollars)
Countries
RCP
26
RCP
45
RCP
85
RCP
26
RCP
45
RCP
85
RCP
45
RCP
85
RCP
85
3891
Banglades
h
22 17 18 25 26 23 35 46 65
5106 Pakistan 16 15 16 22 21 24 40 41 60
6616 India 21 17 19 25 24 28 42 44 63
7728
Philippine
s
35 26 23 47 55 52 106 121 182
8305 Ukraine 15 12 15 18 13 19 23 28 36
11720 Indonesia 44 31 34 64 66 73 146 167 247
13225
South 
Africa
9 8 8 16 15 14 27 27 44
15242 Brazil 31 21 24 49 40 39 77 73 115
15399 China 12 11 11 16 16 15 27 29 43
18077 Iran 16 17 17 21 24 23 41 40 61
22348 Romania 12 11 10 17 14 17 25 29 37
26490 Russia 12 12 13 16 17 16 21 24 32
27267 Malaysia 48 39 32 74 74 68 136 153 232
36416 Spain 8 10 13 8 18 19 25 31 48
42481
United 
Kingdom
8 7 8 11 12 10 18 19 28
46437 Canada 6 6 5 9 8 8 15 13 21
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48111 Germany 12 10 11 12 14 13 22 25 33
48899 Australia 9 7 10 12 11 13 22 26 35
57436
United 
States
9 9 9 12 13 13 20 22 35
285 Table A5. 
286 Average years for global warming exceeding 1.5, 2, 3 and 4°C under the RCP2.6, RCP4.5, 
287 RCP8.5 scenarios with the 10–90% uncertainty range (in parentheses) among the models used.
Temperature 
increase (C)
RCP2.6 RCP4.5 RCP8.5
1.5 2034 (2023–2049), 20 
models
2030 (2023–2042), 
31 models
2027 (2021–2033), 
33 models
2 2053 (2043–2066), 11 
models
2049 (2037–2066), 
30 models
2040 (2034–2044), 
33 models
3 – 2076 (2062–2091), 
16 models
2058 (2050–2068), 
33 models
4 – – 2076 (2065–2084), 
32 models
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Highlights
1. We synthesized valid data from 4363 respondents of a global on line survey. 
This is the most extensive global survey of the effect of heat stress on the work 
productivity currently available to our knowledge. Based on the global survey, we 
identified regions of vulnerability to heat waves that might have been overlooked in 
the past. For instance, previous studies based on commonly used heat exposure 
indices could hardly indicate vulnerable regions such as Central Asia and northern 
Europe. 
2. Our research provided the first comparative assessment of the impact of heat 
stress on work productivity losses in different countries around the world and hence 
pointed out particular vulnerable regions from a new point of view. The estimated loss 
of work productivity was well correlated with the gross domestic product per capita 
(cc=-0.63), potentially providing a reasonable measure (parameter) for developing 
models of heat-related economic loss.
3. We quantitatively assessed the difference in future work productivity losses 
between groups of developed and developing countries/regions under global warming 
scenarios of 1.5, 2, 3 and 4°C. Our results suggested that countries in Southeast Asia 
in a 1.5°C-warming world would suffer the same work productivity loss as the 
developed countries would in a 4°C-warming world. This quantitatively addressed the 
severe situation that developing countries would face under global warming.
